Abstract. Magnetic susceptibility and EPR of iron-containing solid solutions with layered perovskite-like structure Bi 2 BaNb 2-2x Fe 2x O 9- and Bi 5 Nb 3-3x Fe 3x O 15- have been studied. The solid solutions Bi 2 BaNb 2-2x Fe 2x O 9- as well as iron oxides FeO, Fe 2 O 3 , and Fe 3 O 4 were studied by the NEXAFS spectroscopy. The formation of exchange-bound aggregates of Fe(III) atoms with antiferroand ferromagnetic exchange types has been found in the solid solutions. In the ESR spectra of the solid solution samples, the lines with g  2.0 and g = 4.27 having a weak shoulder at g~ 8 were attributed to Fe(III) atoms in the octahedral field with strong rhombic distortion.
INTRODUCTION
The majority of bismuth-containing compounds with layered perovskite-like structure, analogues of the so called Aurivillius phases, are of practical and theoretical interest owing to their ferroelectric properties [1] [2] [3] [4] [5] [6] [7] . The composition of such compounds is described by the general formula (Bi 2 O 2 )(A n-1 B n O 3n+1 ), where the bismuth-oxygen layers Bi 2 O 2 consist of BiO 4 pyramids bound to each other by base edges and A n-1 B n O 3n+1 are perovskite-like fragments consisting of BO 6 octahedra bound by vertices. The large cations A are located in the cubic octahedral sites between them [8] [9] [10] [11] [12] . The coefficient n in the formula corresponds to the number of BO 6 octahedra forming the thickness of the perovskite-like fragment. Barium-bismuth niobate Bi 2 BaNb 2 O 9 is a typical representative of this group of compounds. Its structure is described by the space group A2 1 am (a = b = 0.5567, c = 2.5634 nm) and is characterized by the bismuth-oxygen layers alternating with the perovskite-like blocks formed by two layers of niobium-oxygen octahedral [13] . Alongside with the layered compounds which contain the uniform perovskite-like fragments, there are the so-called mixed or hybrid layered compounds (Bi 2 O 2 ) (A n-1 B n O 3n+1 ) … (Bi 2 O 2 )(A m-1 B m O 3m+1 ) [14] [15] [16] [17] . Their structure consists of alternating perovskite-like fragments of various widths. Bismuth niobate Bi 5 Nb 3 O 15 belongs to the group of mixed layered compounds. Its structure is characterized by the ordered alternating of fragments formed by one and two niobiumoxygen octahedra. Therefore, its structure can be described as (Bi 2 [18, 19] . Iron (III) atoms, which are close in size to niobium (V) atoms, isomorphously substitute octahedral cation sites in the perovskite layers [R(Nb(V)) CN=6 = 0.064 nm; R(Fe(III)) CN=6(high spin) = 0.0645 nm] [20] . The single-phase nature of the samples was proved by the methods of scanning electron microscopy and Xray analyses ( Figs. 1 and 2 ).
EXPERIMENTAL
The synthesis of the solid solutions was carried out by the standard ceramic procedure from specialpurity grade bismuth(III), niobium(V), and iron(III) oxides at 650 °C è 1100 °C. Phase composition of the products was determined by means of electron scanning microscopy (using a Tescan VEGA 3LMN electron scanning microscope and a INCA Energy 450 energy-dispersive spectrometer) and X-ray diffraction analysis using a DRON-4-13 diffractometer (CuK  radiation). The cell unit parameters of solid solutions were calculated using the CSD software package [21] .
The magnetic susceptibility of the samples of the solid solutions was measured by the Faraday method in the temperature range of 77-400K at 16 fixed temperatures and at the magnetic field strength of 7240, 6330, 5230, and 3640 Oe. A semicommercial installation created in the laboratory of magnetochemistry of St. Petersburg State University and consisting of an electromagnet, an electronic balance, and cryostate was used for magnetic susceptibility measurements.
The ESR spectra of polycrystalline samples of iron-containing solid solutions of bismuth niobate were recorded on an SE/X 2547 radio spectrometer of X-diapason (RadioPAN). The spectra were recorded using an RX102 rectangular resonator (TE 102 mode) at room temperature as the first derivative at HF modulation frequency of 100 MHz with amplitude of 0.25 mT and SHF field power of 35 mWt. A weighed specimen of about 100 mg was placed in a quartz tube with the external diameter of 4 mm. To calibrate the amplification of the apparatus, we used the ESR signal of a miniature reference sample (anthracite, a singlet line with g 0 =2.0032, Bpp=0.5 mT), the quartz ampule with the reference sample was rigidly fastened in the resonator coaxially to the test tube with a sample. The spectrum of each sample was recorded in the magnetic field range of 0 -700 mT and the line of the reference sample was recorded separately with the involute of about 5 mT. The spectra of the samples were led to equal intensities of the reference sample line and normalized to an equal mass of 100 mg.
The NEXAFS (near-edge X-ray absorption fine structure) of the Fe2p-absorption spectra of the ironcontaining solid solutions and iron oxides was obtained using a synchrotron radiation source at the Russian-German beamline at BESSY-II (Berlin) [22] . All the spectra were recorded in the total electron yield (TEY) mode [23] .
RESULTS
It was found that the solid solutions Bi 5 Nb 3-3x Fe 3x  O 15- with 0.005  x  0.06 undergo monoclinic distortion of the tetragonal unit cell, the X-ray patterns of the solid solutions were interpreted based on the space group P 2/m [24] . The unit cell parameter a decreases to 0.5457 nm, and the parameters b and c increase to 0.5462 and 2.091 nm, respectively, the á angle changes from 90° to 90.8° (x = 0.06). The orthorhombic unit cell parameters of the solid solutions Bi 2 BaNb 2-2x Fe 2x O 9- are insignificantly changing as the fraction of iron increases from a = 0.5545 nm, c = 2.5639 nm, b = 0.5538 nm (x = 0.005) to a = 0.5539 nm, c = 2.5651 nm, b = 0.5540 nm (x = 0.060) [18, 19] .
Using the measured magnetic susceptibility of the solid solutions, we calculated the paramagnetic components of the magnetic susceptibility and effective magnetic moments of iron atoms at various temperatures and concentrations of the solid solutions.
The 5 T 2g ) can be caused neither by spin-orbit coupling, nor by zero field effects, we suggested that exchange-bound aggregates or clusters of iron (III) atoms with predominantly ferromagnetic type of exchange remain in the strongly diluted solutions with layered structure. The decrease in the paramagnetic component of magnetic susceptibility of iron atoms with increasing concentration of the solid solutions is associated with a manifestation of antiferromagnetic interactions between iron atoms. The temperature dependences of the effective magnetic moment of iron atoms in the solid solutions with various concentrations of paramagnetic atoms also support this assumption (Fig. 4) .
In the ESR spectra of the samples of Bi 2 Ba Nb 2-2x Fe 2x O 9- and Bi 5 Nb 3-3x Fe 3x O 15- solid solutions, at all x values, there is an intensive asymmetric line in the region of low fields with g-factor of 4.27 having a weakly expressed shoulder at g ~ 8, and a strong broad (B pp~9 0-130 mT) band centered at about g~2.0 (Fig. 5) . The origin of the component with g=4.27 is associated with Fe 3+ ions which are situated in strong crystal field with D > h SHF (~9.4 MHz) and the maximum degree of rhombic distortion E/D 1/3. In this case the effective g-factor of the transition line between Kramers doublet levels ±3/2 becomes isotropic and equal to 4.27 [25, 26] . The octahedral sites of iron atoms with strong rhombic distortion are probably associated with the appearance clusters or Fe(III) ions in weakly distorted octahedral sites.
As the concentration of iron atoms increases in the solid solutions, the integral intensity of the absorption signals changes (Fig. 5) . The product of the peak intensity and the squared width of the derivative of the absorption line (by the extremum points), I
. B pp 2 , we have used as a measure of the integral intensity of the absorption signal. The works [18, 27] have shown that as the concentration of iron atoms in the solid solutions of both series increases, the integral intensities of the absorption signals with g~2.0 and g=4.27 grow. The intensity of the line with g~2.0 significantly exceeds that of the g= 4.27 one. This fact reveals the preference of minimally distorted sites by iron atoms.
The solid solutions Bi 2 BaNb 2-2x Fe 2x O 9- as well as iron oxides FeO, Fe 2 O 3 and Fe 3 O 4 were studied by the NEXAFS spectroscopy in order to determine the degrees of oxidation of iron atoms. The analysis of the NEXAFS Fe2p-spectra of iron-containing solid solutions and iron oxides (Fig. 6 ) revealed that the studied Fe atoms were mainly in the +3 oxidation state.
The pattern of the distribution of iron atoms in the solid solutions and the character of the exchange interactions in the clusters as a function of the paramagnetic atom fraction were elucidated by the theoretical calculation of the susceptibility and comparison of the obtained values with the experimental data.
The calculation of the experimental dependencies of  para (Fe) on concentration of the bismuth niobate solid solutions was performed in the context of the model of diluted solid solutions. According to this model, the magnetic susceptibility is determined as a sum of contributions of single paramagnetic atoms and their exchange-bound aggregates with antiferro-and ferro-magnetic exchange types: 
Here According to the Heisenberg-Dirac-van Vleck model [28] , the magnetic susceptibility of tetramers formed of paramagnetic atoms and representing a flat square was calculated by Eq. 
with (-30 cm -1 ); in the case of ferromagnetic exchange: J dim = = 38 cm -1 (50 cm -1 ) (Fig. 7) . The comparison of experimental and theoretical values of magnetic susceptibilities of the solid solutions is given in Fig. 8 .
E(J,S')=-J[S'(S'+1)-4S
The study of magnetic characteristics of bismuth niobate solid solutions Bi 2 BaNb 2-2x Fe 2x O 9- and Bi 5 Nb 3-3x Fe 3x O 15- revealed some features. In both series of solid solutions at infinite dilution, iron atoms (III) are predominantly aggregated to give dimers, trimers, and tetramers with antiferro-and ferromagnetic types of exchange. The results of the calculation showed that the degree of aggregation of iron atoms and the indirect exchange parameters are higher in the clusters of the Bi 2 BaNb 2-2x Fe 2x O 9- solid solutions than those in Bi 5 Nb 3-3x Fe 3x O 15-. This fact can be explained by crystal structure of the solid solutions containing barium atoms. A special feature of barium-bismuth niobate is that barium atoms fill the space between perovskite blocks of niobium-oxygen octahedrons. These atoms depolarize orbitals of the oxygen atoms which form the coordination polyhedron of iron, thus the bond of the paramagnetic oxygen atom becomes more covalent. As a consequence, the overlapping of atomic orbitals of oxygen and the d-element increases and the magnetic exchange intensifies.
The formation of clusters with antiferro-and ferromagnetic types of exchange is an indirect evidence of iron (III) atoms being located in the crystal fields of various symmetry. The presence of antiferromagnetic type of exchange in the perovskite-like layered structure is not in doubt. The antiferromagnetic exchange between paramagnetic iron(III) atoms can be manifested within one perovskite-like layer of regular octahedra by the An assumption on the possibility of ferromagnetic indirect exchange between Fe(III) atoms at the angle of 180° in the crystal field of undistorted octahedral symmetry is in conflict with the theory of magnetic exchange [29] . However, geometrical distortions of the bond lengths and angles between paramagnetic atoms, and also anion vacancies inevitably resulting from heterovalent substitution contribute to the appearance of ferromagnetic exchange [30, 31] . The monoclinic distortion of tetragonal structure of the bismuth niobate solid solutions associated with the incline of the c axis to the plane of perovskite layers indirectly confirms such distortions. Moreover, the ESR spectra of the solid solutions confirm the fact that iron atoms are located in the fields of various symmetry.
CONCLUSIONS
Thus, it was shown that the magnetic behavior of iron-containing bismuth niobate solid solutions with perovskite-like layered structure is generally similar and is determined mainly by the crystal structure of the solid solutions, the symmetry, and the strength of the crystal field formed by ligands. The iron(III) atoms in solid solutions of heterovalent substitution aggregate forming strong clusters of iron atoms predominantly with the ferromagnetic type of exchange, which not disintegrate even at infinite dilution. The ESR and magnetic susceptibility methods have revealed that the iron atoms are located in the crystal fields of various distortion which results in the possibility of indirect magnetic exchange of anti-and ferromagnetic types. Iron atoms are selective in occupying cation sites in the unit cell of solid solution structure.
